Gull predation is known to be an important source of egg and chick mortality for many waterbirds and can have severe impacts on recovery efforts for special status species. We evaluated the effectiveness of California gull management and removal by monitoring tern hatching and fledgling success annually. From 2005 to 2011, nesting success was monitored at a newly established California least tern colony at Hayward Regional Shoreline in San Francisco Bay. No gull management was undertaken prior to 2007. California gulls were the most abundant aerial predator (97%). We recorded 3,769 predatory gull-tern interactions and presumptive take of 26 tern eggs and 23 chicks. Although gull predatory behavior did not change statistically, gull management efforts resulted in significantly improved tern breeding success (measured by number of nests, eggs, chicks, and fledglings). From 2007 to 2011, this colony produced a total of 242 successful nests and 291 fledglings, an average nesting density of 196 nests per ha, and an average of 1.07 fledglings per breeding pair. We discuss difficulties of lethal control of predators, and suggest the importance of human presence for reducing gull predation at the site.
INTRODUCTION
Several species of gulls have increased in recent years due to the following: protection of breeding colonies (Kadlec and Drury 1969) , increase in nesting habitat from the creation of dredge disposal islands (Patton and Hanners 1984) , the exploitation of dependable food sources at landfills (Verbeek 1977 , Burger 1981 , Belant and Dolbeer 1993 , protection from human disturbance, and reduction of environmental contaminants (Belant 1997) . Studies show that gull (Larus spp.) predation also limits the breeding success of terns and other colonial waterbirds (Vermeer 1968 , Hatch 1970 , Dwernychuk and Boag 1972 , Becker 1995 , Whittam and Leonard 1999 , Magella and Brousseau 2001 , O'Connell and Beck 2003 .
California gulls (Larus californicus) historically bred inland and thus spent a large portion of the year away from the Pacific Coast (Pugesek et al. 1999) . However, in 1980, a colony of California gulls with 12 nests was found on a salt pond island in the south end of the San Francisco Bay (Jones 1986) . Their populations have increased to over 33,000 breeding birds in the San Francisco Bay, while the Caspian tern (Sterna caspia) and Forster's tern (Sterna forsteri) populations have declined significantly (Ackerman et al. 2006 ). It appears that Forster's tern colonies in San Francisco Bay were displaced when California gulls colonized the area adjacent to tern colonies, and that these gulls ate tern eggs and chicks (Strong et al. 2004) .
The California least tern (Sternula antillarum browni) is a migratory species, nesting along the West Coast of North America from Baja California north to the San Francisco Bay (USFWS 1980) . They are generally present at nesting areas between mid-April through late September (Massey 1974 , Cogswell 1977 . The California least tern was listed as a federally endangered species in 1970 (USFWS 1973 (USFWS , 1980 and as a state endangered species in 1971 (CDFG 1976) due to a population decline resulting from loss of habitat (Craig 1971 , Cogswell 1977 , disturbance of nesting sites (Massey 1974) , and predation by domestic and wild mammals (Massey 1981 , Jehl 1984 , Vermeer and Ranking 1984 .
Predation of eggs can be a major factor affecting the hatching success of the least tern (Burger 1984 , Massey and Fancher 1989 , Butchko and Small 1992 , Rimmer and Deblinger 1992 , Garcia and Ceballos 1995 . DeVault et al. (2005) reported that ring-billed gulls (Larus delawarensis) were the major source of mortality for breeding least terns at Gibson Lake in southwestern Indiana, including predation on tern chicks and eggs. California gull depredation was identified as the major factor limiting California least tern nesting success at Hayward Regional Shoreline (Riensche 2007) .
In this paper we present results on: 1) aerial predators at the Hayward Regional Shoreline California least tern colony, 2) implementation of a California gull predator control program, 3) tern reproductive success (e.g., population size and productivity), as a proxy for successful predator management, 4) difficulties of lethal control, and 5) the importance of human disturbance for reducing gull predation at the site.
METHOD
Our study was conducted from 2005 to 2011 during the California least tern breeding season at Island Five (37.629739N Lat., 122.146039W Long.) located at the Hayward Regional Shoreline, along the eastern shore of the San Francisco Bay, CA. The island is 0.24 ha (0.6 ac) in size. The shorebirds nesting with the terns are, in decreasing order of abundance, the American avocet (Recurvirostra americana), black-necked stilt (Himantopus mexicanus), killdeer (Charadrius vociferous), and Western snowy plover (Charadrius alexandrinus nivosus). Concomitant with the establishment of this growing tern colony, we observed a steady increase in California gulls inspecting the site, requiring management to reduce predation on the colony.
Using trained volunteer observers and interns, Tern Colony Monitors (TCM), provided an important source of standardized information on gull activities and predation pressures. Daily predator watches generally lasted 2.5-5 hours between 0700 to 1800 hours, typically involving two observers, and were conducted from a vehicle parked on a levee approximately 25 m (75 ft.) from the colony. To standardize the observational efforts per year, gull abundance was expressed as the number of gulls per hour. All gull flyovers were recorded during the watches. Interactions were classified as: "transit"-non-hunting behavior /flying over colony at high altitude (>20 m); "hunting" -flying at a low altitude over colony (<20 m) and eliciting distraction or defensive displays (alarm calls, flyups, and mobbing predators) by a California least tern or American avocet; and "take"-one or more eggs or chicks depredated. Other avian species eliciting distraction or defensive displays by a California least tern or American avocet were classified in the same manner. For each gull "take" event, the location, quantity, and age class (egg, chick, fledging) of prey consumed was recorded.
"Take" was defined in two ways: direct observation or disappearance of tern eggs or chicks from a nest in conjunction with evidence of a gull in close proximity. Disappearance was used as a proxy for gull predation when other sources of mortality could be ruled out. Whenever an egg or chick was noted missing from a nest, the incolony observer spent up to 10 minutes carefully searching the vicinity for a chick or failed egg. Depredation events were inferred using evidence such as observed gull presence immediately prior to "take", gull tracks or wing marks in the sand at or near the nest bowl of a known lost nest, or yolk stains at a destroyed nest. Only after a chick or its remains were not located on two consecutive nest checks did we presume "take" had occurred and that it had been depredated. Incidents where chicks or eggs disappeared without evidence of gull predation described above were not included in this analysis.
We implemented the following gull predator management activities starting in the 2007 breeding season: hazing (horns), pyrotechnics (12-gauge shell crackers), morbid decoys (gull effigies), monitoring of gull abundance and behaviors, and the lethal removal (shooting with a 12-gauge shotgun using non-toxic pellets) of persistent gulls in order to protect the colony. Lethal control was done in accordance with the terms and conditions of our Migratory Bird Depredation Permit and State Permit. The East Bay Regional Park District (EBRPD) hired the U.S. Department of Agriculture's Animal and Plant Health Inspection Service Wildlife Services (USDA APHIS WS) to implement a predator management program. Gulls were seldom shot on the first hunting attempt and were often harassed repeatedly prior to being successfully shot. We collected data on tern nest distribution, nesting chronology, and reproductive success using the standardized Type 1 method (active monitoring inside colony by permitted biologists) and Type 2 method (passive monitoring outside colony by staff or volunteers using high resolution 10× binoculars or a variable-power spotting scope) (Marschalek 2005 ). In the Type 1 method, monitors entered the colony to mark nests and record the number of eggs and chicks. This type of intensive monitoring, conducted twice a week, yields data on clutch size, hatching success and evidence of predation. No birds were marked so the estimated number of breeding pairs was defined as the total number nests minus the total number of nests and broods lost before June 20 (Pair Estimation II, see Marschalek 2005) . Results presented as fledglings per pair were calculated using this estimate. Age of chick was based on known hatch date and observable characteristics (e.g., feathering and size). A chick was considered completely fledged when it reached 21 days of age or was observed flying a distance greater than 3 m.
We evaluated the following variables: total number of nests, eggs, chicks and fledglings prior to and after the implementation of predator management to test the null hypothesis of no change in breeding performance with the following statistical analyses: ANOVA, Mann-Whitney U test, and unpaired t-test. To further analyze the data, the Mann-Whitney U test and Unpaired t-test were used to investigate the null hypothesis of no change in the mean fledglings per/pair ratios prior to and after the implementation of predator management. We interpreted these statistical tests for the 90% (marginally significant, p~0.10), 95% (statistically significant, p<0.05) and 99% (highly significant, p<0.01) confidence levels.
RESULTS
Since the first California least tern census in 2005, the numbers of nesting pairs have steadily increased at the Hayward Regional Shoreline. California gulls over the past 5 years have been the most abundant aerial predator, eliciting 97% of the California least tern distraction displays, followed in decreasing order by Caspian tern, Peregrine falcon (Falco peregrinus), and red-tailed hawk (Buteo jamaicensis). It should be noted that while Caspian terns elicited defensive displays by California least terns, no predation attempts were observed. Out of 2,042 observational session hours of nesting California least terns, from 2007 to 2011, altogether, 18,074 gull-flyovers were recorded involving 3,769 hunting gulls (Table 1) .
Predation events leading to "take" by gulls included both single and group attacks. Group attacks were opportunistic and ranged from two individuals to more than 25 gulls. Observed gull predation events were rare, but typically occurred in the morning (the first few hours following sunrise), during high tide events, or when a gull was loafing within 100 m of the tern colony. Despite the preventative measures by USDA APHIS WS to protect the colony, California gulls were documented depredating a total of 4% of tern eggs and 5% of the chicks at the site (Table 2) . Relative to the number of hunting gulls, few gulls exhibiting hunting behavior were removed (Table 1) . In all years combined, a total of 100 California gulls were removed (2.6%), two of which had federal bands, out of a total of 3,769 hunting gull encounters (Table 1) .
Although not statistically significant, systematic monitoring since 2007 has suggested a substantial increase in California gull abundance (number observed per hour) over the tern colony. For example, during the 2007 season we observed an average of 1.5 gulls per hour, compared with 19 gulls per hour recorded in 2011 (Table 1) . After 2009, increased gull abundance did not yield more frequent predation by gulls (Table 1) ; and while not statistically significant, the proportion of California gulls observed exhibiting hunting behaviors declined in 2010-2011 (Table 1) .
California least tern nesting generally increased from 2007 to 2011 (Table  2) . Clutch sizes (eggs per nest) were consistent among years, ranging from 1.7-2. As one might expect, the number of eggs laid and chicks hatched at the site was proportional to the number of nesting pairs. Peak hatching occurred in the second to third weeks of June in all years after the implementation of the California gull predator management. From 2007 to 2011, there were a total of 242 successful nests, and the proportion of successful nests ranged from 0.66 to 0.91 with an average of 0.78 (Table 2) (Table 3 ). The unique ability to monitor this site in close proximity (<30 m) without disturbing the birds, the relatively small colony size, and our frequent visits leads us to believe that our estimates of tern reproduction were accurate.
To date, the implementation of gull predator management has proven successful at reducing and preventing predation at the Hayward tern colony and has resulted in statistically significantly improved breeding success variables ( Table 2 ). The colony increased dramatically in 2007 following the implementation of the predator management efforts (Table 3) . Mean hatching and fledgling success significantly increased in 2007, due to predator control efforts, and has remained high since then; the average annual mean fledgling per pair ratio is 1.07 (Table 3) . 
DISCUSSION
Tern productivity can vary from year to year, reflecting a number of environmental factors such as weather conditions, food availability, and predator intensity. In an effort to separate gull predation from other possible mortality factors, we used a combination of direct observational and in-colony nest-monitoring data. Using the direct observation of gulls "taking" eggs and chicks, or the disappearance of eggs and chicks in close proximity to a gull hunting episode in the colony as a proxy for losses to gulls, we estimate that 4% of tern eggs (26) and 5% of the chicks (23) at the site were depredated by California gulls. These values are conservative because they do not reflect any older chicks (>15 days old) that may have been taken by gulls, nor do they account for any partial nest predation. Statistical analysis of various tern reproductive indices (pairs, nests, eggs, mean hatching success, chicks, fledglings, mean fledgling per pair ratio) supports the hypothesis that tern productivity improved with the implementation of the gull predator management. Gull predation on tern eggs and chicks was reduced substantially as a result of predator control efforts.
Gull predation events typically occurred in morning hours, during high tide events, or when a gull was loafing within 100 m of the tern colony. Studies of predatory gulls at other seabird colonies have shown that a small number of "specialist" gulls are typically responsible for most predation losses (Spear 1993 , Magella and Brousseau 2001 , and Donehower et al. 2007 ). We drew similar conclusions to those of Donehower et al. (2007) in that repeated harassment made gulls wary of humans and the gulls changed their loafing and hunting patterns. Despite the observable drop in the gull hunting behavior our analysis showed no statistically significant change in the gull hunting behavior over the course of the study.
Human disturbance of gulls by Tern Colony Monitors, researchers, and gull management activities as performed by USDA APHIS WS appears to disrupt gulls by hazing them away from the Hayward tern colony. This is supported by tern nest failure due to gull predation stopping after 2009. Kress and Hall (2002) reported that nest observers appear to reduce predation at some colonies. Likewise, Nisbet (2000) suggests that terns can habituate to regular disturbances and that human presence/activities can be used as a means of controlling predation. Donehower et al. (2007) suggest that frequent "gull walks" be implemented in areas suffering chronic gull predation to deter gulls.
One of the most traditional forms of wildlife management is vertebrate predator control. However, its use can cause conflicts between stakeholders, requiring mangers to navigate through the political controversy, financial expenses, regulatory processes, and exhaustive non-lethal alternatives before implementing lethal predator control programs. Gulls in North America are protected by the Migratory Bird Treaty Act of 1918 and require permits before control measures can be implemented. Our results indicate that gull removal is successful at reducing the disappearance of tern eggs and chicks and supports the findings of Smith et al. (2010) that predator removal is an effective strategy for conserving vulnerable bird populations. For vertebrate predator management to have a significantly higher impact on protecting desired species, Holt et al. (2008) recommend combining control of both avian and mammalian predators. Such control programs may have economic benefits. Engeman et al. (2010) estimated that in one case the entire cost of predator management performed by a professional was $39,636 while the return in additional production of least terns and hatching sea turtles was valued at 1.1 million dollars, resulting in a benefit-cost ratio of 27.8.
Besides the economic gains derived from predator management, the obvious question is: should lethal control of predatory gulls continue as a tool for managing terns? While the shooting of a few persistent predatory gulls does not preclude their rapid replacement by other gulls in the San Francisco Bay, we believe that limited lethal measures help to enforce non-lethal alternatives and discourage widespread predation on tern eggs and chicks. We suggest that gull management practices intended to increase tern reproductive success should emphasize gull harassment (hazing with horns and pyrotechnics, morbid decoys, conspicuous human monitors, gull displacement activities) combined with limited lethal techniques (shooting) to strengthen the effectiveness of the non-lethal alternatives. We conclude that an integral component of our study to improve California least tern conservation into the foreseeable future must include an on-going monitoring program, trained volunteers, and predator management efforts. 
